Abstract: An all-optical-fiber orbital angular momentum (OAM) mode generator is designed based on the effective medium theory. The generator is formed by many coaxial vortex structures with the same height and gradually decreasing width following the azimuth angle, which causes the linear decrement of the effective refractive index with the azimuth angle. The different effective refractive index will cause the different optical path and the corresponding phase delay along the azimuthal angle. The OAM generation process is simulated using a finite-difference time-domain (FDTD) software package.
Introduction
Orbital angular momentum (OAM) is an important parameter of light in addition to the traditional ones like wavelength, intensity, and polarization [1] . It is a useful tool to manipulate nano-and micro-particles [2] - [4] and offers a new way to boost the communication capacity from an additional dimension of optical waves [5] , as light beams with different OAM orders are orthogonal [6] . The concept of OAM multiplexing has been proposed in 2004 [5] , and the experiment demonstration of this concept was done only recently in 2011 [6] , [7] . The signal transmission rate was improved from 42.8 Gb/s to 1369.6 Gb/s per channel [7] . Up until now, OAM-based communications are mostly realized in the free space, and only a few of them are in optical fiber systems [8] . Yet, fiber based technologies still dominate the communication market, and, from this point of view, the OAM multiplexing in fiber is a more important technology to study. However, the lack of some basic devices, like OAM mode generators, couplers, filters, etc., for fiber based system still hampers the further development in this field. Taking OAM mode generator as an example, in free space communication several efficient ways for generating OAM mode have been developed using, e.g., spiral phase plates [9] , [10] , spatial light modulators (SLM) [11] , or cylindrical lenses integrated compact light emitters [12] . For the fiber based system there are also several all fiber structures that can convert the conventional LP modes to OAM modes [13] , [14] . In this paper, we present a cylindrical fiber micro structure, with many coaxial helical rings. This fiber disk is named as the phase disk in this paper. It can be inserted between a single mode fiber (SMF) and a few-mode fiber (FMF) for converting the LP mode in the SMF directly to an OAM mode of the desired order in the FMF fiber. After the generated light travels in the FMF fiber for some distance, the undesired lossy modes radiate out of the fiber and the remaining light becomes stable and evolves into the final OAM mode gradually. Based on this method, an all-fiber OAM-mode generator is realized.
The coaxial helical rings in the proposed phase disk are with the same height and a gradually varying width following the azimuth angle, as shown in Fig. 1 . The design idea of the present OAM mode generator is based on the effective medium theory [15] . The gradually variation of the width along the azimuth angle results in a variation in the effective material refractive index, which leads to a corresponding phase delay. This effect is similar with that in the spiral phase plates [9] , [10] . However, with the help of the effective medium, the height of the present phase disk is the same everywhere, which facilitates the fabrication process of the phase disk and also makes it possible to be inserted between the SMF and the FMF. After all, it is difficult to insert the spiral phase plates [9] , [10] between fibers as the height is no uniform. The performances of the proposed OAM mode generator are analyzed with respect to the designed refractive index distribution and the operation wavelength using a commercial Finite-Difference Time-Domain (Lumerical FDTD) software.
Design of the All Fiber OAM Mode Generator
An optical beam that carries OAM is characterized as a helical wavefront and doughnut intensity profile. The OAM beam with a topological charge order l has a 2l azimuthal phase dependence of its wavefront. The OAM modes with different charge orders are spatially orthogonal to each other [6] , [7] . In a cylindrically symmetric optical fiber, the OAM beam can be categorized by two sets of hybrid modes, i.e., HE [16] , [17] . Each of them is the combination of two eigenmodes (HE or EH mode) of a fiber with the same order, the same propagation constant, and an orthogonal polarization state. The subscript "m" represents the order of field variations along the azimuthal direction, and "n" represents the order of field variations along the radial direction. One can see that the OAM mode is also a kind of super-mode which propagates stably along the fiber. For convenience, we suggest here a unified name convention for the OAM modes in a fiber OAM where, the subscripts "m" and "n" are the same as those in the hybrid mode naming system. The subscript represents the shape of the field line: ¼ À1 represents the OAM modes formed from the EH modes, and ¼ 1 represents the OAM modes formed from the HE modes. The superscript l is the topological charge. We define a positive l when the phase front rotates clockwise, while a negative l when the phase front rotates counter-clockwise. We can immediately get jlj ¼ m À .
To characterize the performance the generated OAM light, mode purity is introduced. It is defined as the percentage of an OAM mode in the total power of the generated OAM light and can be expressed as [18] :
where P l is the purity of the l-th charge order OAM mode, E l are the electric and magnetic fields of the generated OAM light, respectively. In an optical fiber with lossless materials and low refractive index contrast, the longitude components of the electromagnetic fields are small and negligible. There is also a simple linear relation connecting the transverse components of electrical and magnetical fields in this case [19] . Therefore, for simplify the cross product of the electromagnetic fields in (2) can be replaced by the scalar product of the electrical fields as
According to the effective medium theory, the effective refractive index of a composite material is the weight-sum of the constituents that make up the medium [15] . In this paper, the ratio between constituents (silica and air) in different part of the OAM generator is carefully controlled and the effective refractive index gradually varies along the azimuth angle. The structure of the proposed OAM mode generator is shown in Fig. 2 .
The key component of the generator is a helical phase disk which is formed by many coaxial helical rings, which has the same height "h." The inner radius and the outer radius of each helical ring increases and decreases linearly with the azimuth angle respectively, which leads to the decrement of the width of the rings. These relations can be expressed as where R inner k , R outer k , and W k are the inner radius, outer radius, and the width of the k -th helical ring; is the azimuth angle; and w is the maximum width of each helical rings at ¼ 0. At ¼ 2, the width w becomes zero. The refractive indices of the helical rings and the gaps are n 1 and n 2 , respectively. According to the effective medium theory [15] , the effective refractive index of the helical phase disk at different azimuth angle would be (see Fig. 2(b) )
The proposed OAM mode generator is composed of silica and air, and thus, n 1 and n 2 are 6) where is the optical wavelength, which is 1.55 m. In this case, "h" should be 3.523 m. Although the expression for n eff ðÞ is independent of w as shown in (5), w should be small as compared to the wavelength according to the effective medium theory. In the following simulations, we choose w ¼ 0:25 m unless specified.
Simulation and Analysis
Here, the core diameter of the SMF is 8 m. The performances of the proposed OAM mode generator are simulated using Lumerical FDTD software, the mash grid is 0.1 m, it is uniform everywhere. The purity which can characterize the performances is calculated using MATLAB. After a linear polarized LP mode light (with the polarization along the starting angle 0 ¼ 0 of the phase disk) transmits through the helical phase disk into the FMF, the angular momentum of the light increases and its optical field distribution changes. The generated OAM light is not the eigenmode of the FMF, after recouping into the fiber, some of the undesired lossy modes would gradually radiate out of the fiber and the optical power of the remaining OAM light stabilizes. It seems the generated OAM light gradually evolves into the desired OAM mode. Fig. 3 shows the electrical field and phase distributions at different propagation distances of the FMF (5 m, 50 m, and 400 m). Near the entrance of the FMF where the generated OAM light travels only for 5 m, it is clear that the electrical field is not stable and the phase pattern exhibits many ripples. At the distance of 50 m, the mode pattern becomes a doughnut shape. However, the phase is distorted and not like that of the OAM mode. The phases at the same azimuth angle and different radii are still different. After the generated OAM light travels for 400 m, in the Fig. 3(c) , little distortion in the phase graph can be observed. A straight line which splits the phase and À is clearly shown in the 2-D view, and in the 3-D view it shows a sharp wave front separation. The solid curve in Fig. 4 shows the mode evolution and stabilization process by calculating the purity of the OAM mode along the FMF. After the generated OAM light propagates along the FMF for about 200 m, the purity increases from 60% to around 87% and then almost stabilizes which is due to the gradually dissipation of the lossy modes. The dashed cured in Fig. 4 shows the dissipation process. The large loss mainly comes from the first 100 m, the lossy modes including some of the l ¼ 1 OAM light radiates out of the fiber. After that the light can be constrained inside the fiber. In the following part of the paper, we choose the field data at the propagation distance of 400 m for further analysis, which is beyond 200 m and within the stable regime for purity calculation. From 200 m to 700 m in Fig. 4 , small variation of the purity still remains mainly due to some small reflection from the interface between the fiber core and cladding. This variation is acceptable for concept demonstration of OAM generator and we believe this kind of the variation would be smaller if much longer fiber is used for simulation which requires massive processor, unacceptable memory and simulation time.
In order to study whether the input polarization would affect the OAM mode generation process, the starting angle of the helical phase disk 0 (shown in Fig. 2 ) is changed from 0 to while keeping the polarization angel of the input LP light at x direction. Fig. 5 shows the simulation results. The purity of the l ¼ 1 OAM mode in the generated light for 400 m propagation in the FMF keeps around 90% and varies small at different polarizations. This indicates a polarization insensitive property of the designed generator, which is a desired feature for most of the applications. In addition, it should be mentioned that due to the symmetry of the linear polarized light the OAM mode purity for input polarization angles from to 2 has the same relation as those from 0 to .
In the previous analysis, the height h of the helical phase disk is carefully designed for ¼ 1550 nm using (6) . If the height and the operation wavelength mismatches, the purity of the desired OAM mode with l ¼ 1 would decrease. This is studied in Fig. 6 by gradually changing Fig. 4 . Purity of the generated OAM light (solid curve) and the remaining optical power in fiber (dashed curve) after propagating for different distances in the FMF. the wavelength of the light source while fixing the height of the phase disk. As expected, a change in the operation wavelength would lead to a small decrease of the mode purity. The full-width half-maximum (FWHM) bandwidth of the purity is 878 nm, and the bandwidth when the purity falls to 90% maximum purity is 400 nm. Such a wide working bandwidth covers most of the interesting communication wavelength bands. It also indicates that the fabrication tolerance of the height of the phase disk is large. The intensity and phase distributions of the generated OAM light at wavelengths of 1550 nm (the maximum purity), 1400 nm (near 90% maximum purity), and 1100 nm (near half maximum purity) are shown in Fig. 6(b)-(d) , respectively. The deterioration of the mode is obvious when the working wavelength deviates from the designed one.
In the FMF chosen here, there are a total of seven pairs of hybrid modes exist, i.e., HE As the chromatic dispersions of the TE and TM modes are different, those two modes walk off as they travel in the fiber. Therefore, except for the TM and TE modes, there are total of 11 OAM modes that can propagate in the FMF. The present OAM mode generator is designed for the OAM mode with l ¼ 1. The performance of the generator can be characterized by calculating the modes purity using (3) for different OAM modes. The proportions of all the OAM modes at different wavelength and the same propagation distance (400 um) are shown in Fig. 7 , whose horizontal axis is the modes name. These 11 OAM modes are sorted by their angular momentums. The green, golden, and blue bars represent the OAM modes charges at 1400 nm, 1550 nm, and 1800 nm, respectively. The proportion of the target mode at 1550 nm, i.e., the l ¼ 1 OAM mode, is at least 9 dB larger than the rest OAM modes, which indicates a good performance of the present generator. While at 1400 nm and 1800 nm (near 90% maximum purity) the proportions of the l ¼ 1 OAM modes decrease due to the mismatch between the height of the helical phase disk and the wavelength. It should be mentioned at the wavelength 1800 nm the high order modes are no longer supported by the FMF, only HE 1;1 , HE 2;1 , EH 1;1 can propagate in this fiber; therefore, in Fig. 7 at 1800 nm, only the OAM As mentioned above, the maximal width of the helical rings "w " is set to be 0.25 m, much smaller than the working wavelength, which is a necessary condition for the effective medium theory to work. However, it would be challenging for manufacturing if the critical dimension of the structure is too small. The tolerance for the width "w " of the helical rings in the helical phase disk is further studied, and the results are shown in Fig. 8 . As the width "w " becomes larger, the size of the silica rings and the air gaps become comparable with the wavelength, which violates the requirement of the effective medium theory. The intensity and phase distributions of the generated OAM light when "w " is 0.25 m, 1.75 m (near 90% maximum purity), and 2.75 m Fig. 7 . Proportion of OAM modes of different orders after the generated OAM light propagates for 400 m in the FMF. The green, golden, and blue bars represent the OAM modes charges at 1400 nm, 1550 nm, and 1800 nm, respectively. (near half maximum purity) are shown at Fig. 8(b)-(d) , respectively. The deterioration of the mode is clear by comparing these three figures. One can see from Fig. 8(a) that It is desirable to set "w " less than 1 m in order to keep a high purity for l ¼ 1 OAM mode.
Conclusion
An all fiber optics OAM mode generator is designed based on the effective medium theory and the performances of the generator are studied by simulation. The generated OAM light beam should propagate at least for 200 m in the FMF for stabilizing and then becomes the OAM mode which is suitable for long distance transmission in fiber. The performances of the OAM generator are characterized by the OAM mode purity. After the OAM light traveling for 400 m in the FMF, the OAM mode purity with l ¼ 1 reaches 90.17%. The influence of the polarization state can be neglected. The effective operating wavelength range is large enough in most applications and results in the relatively large manufacturing tolerance of the phase disk's height. The manufacturing tolerance of the helical rings' maximum width "w " is also not strict. As long as "w " is no larger than 1 um, there would be no significant decline of the OAM mode purity. The height of the proposed OAM generator is the same everywhere and the requirement of the manufacturing tolerance is not so strict. Therefore, it is possible for applying the FIB (Focused Ion Beam) to direct fabricate the structure at the fiber end or applying the photolithograph technology and make the disk like structure in a wafer and then paste to the fiber end. The all-fiber character makes it practical in many applications.
